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Detection of Materials of Interest to Non Proliferation: A 
Novel Approach. 

Frederic Ze* Bernhard R. Tittmannt, and P. M. Lenahan’ 

* Lawrence Livermore National Lab, Livermore, California. ’ The Department of Engineering Science and Mechanics, 
Pennsylvania State University, University Park, Pennsylvania. 

Abstract. We propose the development of a novel detector that can locate and 
identify materials of interest to Nuclear Arms Non Proliferation. The device will combine 
nuclear acoustic resonance (NAR) with superconducting quantum interference device 
(SQUID) widely used in nuclear magnetic resonance (NMR), geophysics, nondestructive 
evaluations, and biomagnetism, to name only few. NAR works like NMR. Thus resonant 
absorption (of applied ultrasonic energy) by a nuclear spin system occurs when the 
ultrasonic frequency is equal to the appropriate frequency separations between the 
magnetic nuclear energy levels. Ultrasonic energy couples to the nuclear spin system via 
spin-phonon interaction. The resulting nuclear acoustic resonance can be detected via the 
changes in (a) ultrasonic attenuation, (b) ultrasonic velocity, (c) material magnetization, (d) 
or nuclear magnetic susceptibility, all of which carries “intrinsic and unique signatures” of 
the material under investigation. The device’s sensitivity and penetration depth (into 
metals) will be enhanced by incorporating SQUID technology into the design. We will 
present the details of interaction physics and outline a plan of action needed to successfully 
transform the concepts into a practical detector. 

Work performed under the auspices of the U.S. Department of Energy by the University of 
California, Lawrence Livermore National Laboratory under Contract No. W-7405-Eng-48. 

INTRODUCTION 

VVe propose the development of a novel device to detect and identify 
smuggled materials that might be used in a weapons program or for 
terrorist activities. Its design will be based on Nuclear Acoustic Resonance 
(1VAR) principles, and will incorporates SQUID (superconducting quantum 
interference device) to facilitate detection through metal barriers. The 
potential advantages of the device are as follows: 

The device will work where nuclear radiation detection is not possible. 
The device will be applicable to all materials of interest to Non 
Proliferation. 
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The incorporation of SQUID technology into the design will greatly 

The incorporation of SQUID technology will also help detect those 
enhance the device’s sensitivity. 

metallic spin systems that are hard to access using room temperature 
nuclear acoustic resonance. 
A unique advantage of the concept is that the technique will not rely on 
nuclear radiation detection . The device‘s design principle and main 
objective will be to detect and identify fissile material even if steps had 
been taken by would-be smugglers to completely shield the material as a 
radiation source. Thus a successful development of the device could 
have enormous potential for the detection and identification of concealed 
fissile material, a key and still unresolved issue facing Non Proliferation 
and counterterrorism. Other potential advantages of the technique 
nclude the following: 

0 It will be highly sensitive: the technology upon which it will be built has 
been shown to detect extremely minute changes induced in the material’s 
properties by an applied field in a wide range of scientific disciplines 
such as acoustics, nuclear magnetic resonance, geophysics and biology. 

* The technique is highly penetrating. It has the potential to probe things 
deeply buried into solid or liquid material structures, including metals or 
alloys, a key attribute desired for detecting and identifying objects 
hidden inside thick metal boxes. 
The incorporation of the SQUID technique makes it possible to detect 
those metallic spin systems that would be otherwise hard to access with 
room temperature NAR, like (a) nuclei with negligibly small 
gyromagnetic ratios; (b) metals, alloys, and metal hydrides in which 
spectral lines are broadened by quadrupolar or demagnetization effects; 
(c) and spin-lattice systems displaying long relaxation times because the 
maximum signal to noise ratio with SQUID is independent of relaxation 
times. 

The objectives of this article are: 
(1) To give a brief summary of how nuclear acoustic resonance works 
(2) To briefly describe the two particular NAR interactions which we will 

(3) To show the derivation of expressions for the measurable quantities 

(14) And to quickly summarize the NAR SQUID detection technique. 
The actual design of a prototype device will be undertaken only after our 
feasibility studies have been completed, including computer simulations and 
preliminary laboratory confirmation of computer codes 

attempt to explore and exploit during a feasibility study 

from which unique signatures of materials can be inferred. 
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1. Nuclear Acoustic Resonance Explained 

Much of the material used in this summary was drawn from the 
listed references, and no claim to the originality of the concepts and 
principles is herein made by the authors. 

1956,") the theory of nuclear acoustic resonance is still relatively new to 
most physicists and engineers. Because it became increasingly clear that 
NAR can probe deep into conductors where magnetic resonance is 
ineffective, more and more material scientists started to seriously 
experiment with nuclear acoustic resonance for material characterization.(2- 
10) 

In summary nuclear acoustic resonance works like nuclear magnetic 
resonance (NMR): 
1. It induces shifts in the target material's nuclear spin energy levels in the 

presence of an externally applied constant magnetic field. 
2. The energy levels affected are the same for NAR and NMR. 
3. Energy shifts are not equal, but are closely related. 

into a material object it couples to the material lattice where phonons of the 
same frequency as the acoustic wave are created. Phonons in turn perturb 
both the inter-nuclear distances and the overall charge distribution around 
nuclear sites. Charge perturbation creates electric field gradients which 
nuclear spins interact with via nuclear magnetic moments and nuclear 
electric quadrupoles, leading to the splitting of spin energy levels in the 
presence of a static magnetic field similarly to the nuclear magnetic 
resonance. 

Although the first paper on NAR was published as far back as 

Basically, when a radio frequency (RF) acoustic wave is launched 

2. Two appealing NAR coupling mechanisms 

Acoustic energy can couple to the material's nuclear spin system via 
various electric and magnetic interactions: (lo) 

1. The dynamic electric quadrupole interaction in which the 
acoustic wave dynamically couples to the electric quadrupole moments of 
the nuclear pins. 

2. The magnetic dipole (or Alpher-Rubin) interaction@) in which the 
acoustic wave couples to the magnetic moments of the nuclear spins 

3. The hexadecapole interaction which is via acoustic wave 
coupling to the electric hexadecapole (1 6-pole) moments of the nuclear 
spins. 



4. Or magnetic dipole-dipole interaction, in which acoustic wave 
couples to the material via magnetic interactions among nuclear spin 
themselves. 

Since these various mechanisms couple to different multipole 
moments of the nuclear spins, each one leads to a different set of values for 
the observed interaction intensities, angular dependence, line widths and 
line shapes, given the same experimental conditions. 

In terms of signal intensities, empirically the most important nuclear 
spin-phonon interactions in NAR are (1) the electric quadrupole and (2) the 
magnetic dipole interactions (or Alpher-Rubin coupling). These are the two 
mechanisms we want to explore during feasibility staudies. 

K The electric quadrupole interaction is the most effective mechanism for 
coupling acoustic waves in nonconductors (and some conductors) to nuclear 
systems with spin angular number I > 1/2 

2 The Alpher-Rubin (magnetic dipole) interaction is effective & in 
metals. It depends on the electromagnetic interaction of conduction 
electrons with the acoustic wave in the presence of an externally applied 
static magnetic field. Furthermore, because the coupling is to the magnetic 
dipole moments of the nuclear spins, dipolar coupling is for all values of the 
nuclear spin quantum number, including I = 1/2. 

There are many other nuclear spin-phonon coupling mechanisms, but 
tlhe above two are more appealing in terms of material characterization 
applications. 

3. Theoretical derivation for measurable quantities 

We are now show how the measurable variables are theoretically 
predicted. In practice NAR coupling is experimentally measured via two 
sets of variables. The coupling can be quantified by measuring NAR 
induced changed in acoustic wave attenuation and dispersion. Theoretically 
it will be seen that the measurement of those two quantities can 
immediately lead to the determination of NAR induced changed in material 
magnetic susceptibility. The other way of quantifying the coupling is by 
measuring NAR induced changes in material magnetization. In either case 
all these variables can be theoretically derived and numerically estimated 
using computer simulations. 
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llfeasurable 1. Acoustic Absorption Coefficient.(1oi 

The acoustic power (per unit area) propagating in the material can be 
written as 

where E is the energy density of the acoustic wave in the material, and v is 
the sound speed. The coupling of the acoustic wave to the material lattice 
creates np phonons of the same frequency as the sonic wave. Thus the 
energy in the material is 

Po = m (1) 

n,hv 
&=- 

V 
where V is the sample’s volume. The acoustic power density per unit area 
becomes: 

n,hv 
V 

Po = - V 

Under resonant conditions, a fraction of this power couples to the material’s 
nuclear spin system, causing a transition between spin states m and m ’. 
This corresponds to 

?,, = AnhW 
m.m (4) 

vghere hv = E ~ $ -  E ,  is the energy level shift between the two spin states as the 
result of energy exchanged between the acoustic wave and the spin system 
via the material lattice, An = n,- n,, is the equilibrium population 
difference per unit volume between rn and m’, and Wqm. is the probability 
per unit time that a spin makes a transition from an initial state m to a final 
state m ’. 

Unless the acoustic wave energy absorption reaches a saturation 
level, a Boltzmann distribution of spins can be assumed, and in the 
hv e< K,T limit, we can write the population difference as 

Acoustic power density can then be written as 
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Defining the acoustic power absorption coefficient via za = P", we then 

have: 
Po 

N hv V 
2 I + l  K ~ T  2n,v a, = (- >(-I - wm,m* 

The probability per unit time is found via Fermi Golden Rule, that is, 

(7) 

where p andp' = the initial and the final phonon states, respectively; 
HS+, = the spin-phonon interaction's Hamiltonian; 
g(v) = the spin absorption line shape hnction such that it 

peaks near the resonance frequency v,,,, and obeys the 
normalization requirement 

J g(v)dv = 1 
0 

After substitution, the acoustic absorption coefficient is written as 

(9) 

To calculate the matrix elements I(  mil^,-, I p ,  m)l of the nuclear spin-phonon 

interaction, we must first know (1) the energy levels of the nuclear spin 
system of the material under investigation; (2) and the physical mechanism 
responsible for the coupling of the acoustic wave to the 
nuclear spin of that material. 

properties of the material such as 
Energy levels can be determined from the knowledge of the nuclear 
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the spin quantum number I 
the nuclear magnetic dipole moment 
the nuclear electric quadrupole moment 
the experimentally determined static quadrupole interaction 
and the magnitude and direction of the externally applied static 

The second requirement involves explicit expressions for the 
magnetic field. 

dynamic interactions associated with NAR as will be illustrated later. 

Measurable 2. NAR Spin Susceptibility. 

Electric impedance analogy: 
Assuming the piezoelectric transducer is driven by a reasonably 

moderate voltage or current, a linear response by the material lattice to the 
acoustic excitation may be assumed in analogy to NMR, and the 
experimental set up can be described in terms of an electric impedance Z(w) 
which changes due to nuclear spin transitions. 

In a CW NAR experiment in which the driving acoustic frequency w 
is kept at a fixed value corresponding to a particular resonance frequency 
o,, a change of wn or of the phonon loss rate l hcauses  a change in 
acoustic impedance for a particular acoustic component such that: 

where Q:) = the acoustic quality factor at the mechanical resonance 
fiequency a, and Aj indicates a change due the jth mechanism for 
absorption or dispersion. 

2, = the real part of Z(o) in the absence of spin transition. 
i =  4-1 

q, = the acoustic filling factor (- 1.0) 
Now in general the relative shift in frequency is numerically equal to the 
relative change in phase velocity, that is 

Aw,,lw,, = Av,/v, and A(1Ir) =2v,Aa (12) 

where v, is the phase velocity and Act. is the acoustic attenuation. 
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Iin NMR, AZ/Z, a good measure of detectability of nuclear spin transitions. 
By analogy we now define a NAR induced magnetic susceptibility via the 
NAR detectability relation: 

where xNAR = the NAR induced magnetic susceptibility. 

Derivation of a generalized expression for  NAR induced magnetic 
susceptibility: 

The original scheme is due to Kubo(2) and involves correlating the 
external acoustic perturbation Hamiltonian with experimental parameters. 
The updated premise is as follows:(1o) A generalized linear response of a 
density operator p(t) to an external force f(t) can be obtained by applying 
the quantum mechanical version of Liouville's theorem on the density 
operator: 

(14) dP 
dt ih- = [ITo + H'( t ) , p ( t ) ]  

where Ho is the Hamiltonian of the unperturbed physical system. The 
Fourier transform of this equation is (keeping only the first order term): 

The above inverse Fourier transform of the perturbation Hamiltonian must 
be compatible with the assumption of a linear response of p(t) to the driving 
acoustic time-dependent force f(9. That is, the inverse transform must be of 
the form: 

where W(w) is the Fourier transform of the response operator W(z); and 
W(z) = 0 for t < 0 and is independent of f(7). 
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PL generalized susceptibility can now be written as 

Kubo originally conceived this idea for the NMR analysis. In the case of 
NAR wherefjt) is in the form of a strain sensor E, it can be shown that the 
denominator takes forms, namely 

Thus by substitution we can write the two cases for  NAR induced 
material susceptibilities: 

Case for an Acoustic Wave in a Metal: 

The appropriate spin-phonon Hamiltonian of an acoustic wave in a metal 
can be written as 

H ' ( t )  = H&) + HQ(t )  (23) 

where HD(t) = -f d3rm(r)b(r , t )  (24) 

and H,(t) = -ld3rQ(r):VV(r,t)  (25) 

In these expressions, ~ b ( t )  is the dynamic Alpher-Ruber term, and 
represents the coupling of nuclear spins to the acoustically induced 
magnetic field; H,( t )  is the dynamic electric quadrupole term which 
represents the coupling of nuclear spins to the acoustically induced electric 
field gradient; m(r) = nuclear spin magnetization vector; V V ( ~ , ~ )  is nuclear 
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spin magnetization vector; and Q(r) is the tensor operator of the nuclear 
electric quadrupole moment density. 

So that we now can write 

(27) 
Thus, there are Three Contributions to the NAR-induced Susceptibility in a 
Conductor: 

(1) A contribution from NAR Dipole Coupling induced (or pure Alpher- 
Rubin) Susceptibility given by 

(2) A contribution from a “Pure dynamic Quadrupole” Coupling induced 
Susceptibility given by 

(3) And a contribution is due to an “Interference Susceptibility” between the 
dynamic Alpher-Rubin and Quadrupole, and is given by 
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Example 3. Explicit NAR Quadrupole Spin Susceptibility in a Metal.('') 

(36) 
- X N . , ~ R ( ~ )  - XNARI + XNARZ 

The Hamiltonian for a NAR quadrupole interaction is given by 

1 
H ,  = 41(2Z- 1) 2 

{ 31; - Z(Z + 1) + -q<z; + Z?)} 

a2v /axax - a2v layay 
a2v i azaz where I+ = ( I ,  k i I y )  ; and q= 

and eq = aE, = x. (3~0s' ej - 1)q3 
] e j  (33) 

Measurable4 NAR Enerpv Levels Shifts in Quadrupole Interactions. 

The NAR induced quadrupole-split energy levels are calculated using the 
above Hamiltonian for phonon-spin quadrupolar interactions: 



E= E ,  + ( m  IH,lrn) 

1 
3 

= -mAu, + hu,[rnZ - -z(I + I)] 
e2qQ 3 where, -(3cos2e- I) 

h21(21- 1) 4 
(3 7 )  

8 = the angle between the static field H o  and the axis of symmetry of q 

Thus NAR nuclear spin energy levels shifts are relatively easy to calculate 
numerically, given the material properties, the transition rules as seen 
above, the experimental configuration, and the spin-phonon interaction of 
interest. 

Measurable 5. Transition Probabilities for NAR Quadrupole 
lrn teractiond lo). 

Transition probabilities are similarly calculated using the same quadrupole 
interaction Hamiltonian given by equation (3 1): 

Thus we have 

and 

where: 



1 5  
V" = k - (62)eqsinBcosf3e"@ 

(42) 4 
V'2 = -(62)eqsin2&*22'@ 1 1 .  

8 
$ is the angle between the projection of symmetry axis on the xy-plane and 
the z-axis; gQ,(v) and gQ&,) are the shape factors for the h = and Am = 

&2 transitions, respectively. Other variables have been defined previously. 

Specific Case for material with spin quantum number I = 7/2 

The effects ofNMR and NAR on the Zeeman energy shifts for materials 

Zeeman Levels NMR or NAR(A-R) NARI NAR2 

712 E& 

Figure 1 Quadrupole-shifted energy levels and resulting spectra for I = 7/2 
with spin quantum number I = 7/2 are shown in Figure 1. Arrows show 
allowed transitions for each case. The figure shows allowed transitions for 
the two quadrupolar interactions NARl (Am = *l) and NAR2 (Am=&2). 
Neither case allows a Am= &1/2 transition. In the same figure we also show 
the transitions due to nuclear magnetic resonance (NMR) as well as those 
due to the special case of NAR (shown as NAR(A-R) involving the 
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interaction of nuclear magnetic moments with the acoustically induced 
electric field gradients. That is, the Alpher-Rubin coupling (valid only in 
metals). The figure shows that unlike the quadrupolar couplings (NARl 
and NAR2), the NAR(A-R) energy shifts and allowed transitions are 
exactly the same as those of NMR. This comparison serves to illustrate the 
fact NMR and NAR affect the same nuclear spin energy levels, but the 
resulting transitions and probabilities and not necessarily the same in the 
case of nuclear electric quadrupole interactions. 

The relative signal levels can also be predicted using the acoustic 
absorption formula developed earlier (equation lo), by substituting the 
quadrupole interaction Hamiltonian expression. The resulting relations are: 

The quantities &(I) and fNAR(N-A) predict the relative strengths of the 
Alpher-Rubin dipolar coupling and the quadrupolar coupling. In fact for a 
material with spin quantum number I = 7/2, the quadrupolar value fe = 1/4, 
while the NAR(A-R) value is fNAR(A-R) = 6314. This difference is quite 
important because in the SQUID-NAR technique, it is the Alpher-Rubin 
coupling which plays a role if the technique is used to study a conducting 
material. Another important factor in the Alpher-Rubin coupling is the 
intensity is proportional to fl as shown in equation 45, which again add to 
the strength of signal intensity. 

On the other hand, signal intensities in quadrupolar interactions are 
proportional to the square of the nuclear electric quadrupole moments as 
shown in equations , which contribute to their relative strength when for 
materials with relatively large quadrupole moments. 
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Table 1 gives a summary of corresponding transition frequencies 
and their relative probabilities. Again nuclear magnetic resonance transition 
frequencies and relative probabilities are also shown in the table for 
comparison. In the table the frequency shifts are computed from the term 

e2qQ (3~0s’e- 1) A=--- 
h 81(21-1) (47) 

- Table 1 : Transition Frequencies and Probabilities in NAR for I = 7/2. 

NMR I 
Trans Freq. 

5 7  

2 2  
+ - # + -  mo+18A 

3 5  

2 2  
+-+++- mo+12A 

1 3  

2 2  
+-+++- m a +  6A 

1 1  

2 2  
*+-  mo -- 

5 3  

2 2  
H -- - 12A _- 

7 5  

2 2  
me - 18A -- * -- 

Bob. 

7 

12 

15 

16 

15 

12 

7 

NARl NAR2 
Freq. 

mo + 18A 

ma + 12A 

me i 6A 

u0 -6A 

- 12A 

mn - 18A 

Prob. Trans Freq. 
3 7  

2 2  
1 5  

16 +-e++- 
2 2  
1 3  

2 2  

21 +-*+- 2me+3OA 

2m0 + 18A 

5 - - # + -  2 w o +  6A 

3 1  

2 2  
5 1  

2 2 .  

5 --e++- 2 ~ ~ -  6 6  

16 - - - - -  2~~ - 18A 

7 3  

2 2  
21 --#-- 2m0 - 30A 

Prob. 

7 

15 

20 

20 

15 
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The examples discussed here have served to illustrate the cause and effects 
relationships between the acoustic wave and the experimentally observable 
quantities which carry the unique signatures of the material under 
iinvestigation. The expose also serves to signify the need for good computer 
simulation effort to obtain numerical estimates of various variables and to 
establish a baseline for the proposed detector specifications. 

4. SQUID Detection of NAR induced magnetization change 

As stated in the introduction, a major feature in the proposed NAR- 
based detector will be the use of the SQUID. The SQUID based NAR 
dletection (23 7-9) relies not on the observation acoustic radiation absorption 
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or dispersion, but on the induced changes in the component of material 
magnetization which is parallel to an applied static magnetic field. 

SQUID technique will confer to the device the ability to detect 
acoustically induced magnetization changes even if the latter were 
extremely weak. The induced transitions among the nuclear magnetic or 
nuclear quadrupole energy levels are the same whether they are observed 
via acoustic absorptioddispersion, or via changes in the z-component M, of 
the induced magnetization M .  Because the SQUID detected NAR 
technique relies on the detection of changes M , ,  it is sensitive to the 
magnetic flux @ itself rather than to the d@/dt. The maximum 
magnetization available when M, is varied from its equilibrium value M, is 
given by 

(48) 
where X, the static nuclear susceptibility, and H, is the applied magnetic 
field. This relation immediately links X,to the measurable quantity M, 
The maximum change in the magnetic flux @ through a loop of areaA is 
given by: 

M ,  = M ,  = x,H, 

QmX = ( ~ ~ ~ X , H , ) ( A V , )  (49) 

where q is a filling factor - 1/2, and tx is the flux transfer factor. 
Thus rough estimates of the expected flux change @/@,in several metals 
can be made at the radio frequency SQUID for acoustic coupling to the 
nuclear spins. 

For illustration a schematic diagram of a SQUID-assisted acousto- 
magnetic spectrometer once used to study transient nuclear spin-phonon 
interactions in metal antimony(’) is shown in Figure 2 (minus the 
superconducting magnet, the superconducting shields and the complex flux- 
transformer circuit). The various components of the spectrometer are shown 
in the figure. Also not shown is the computer-assisted data reduction 
component of the setup. The design of the SQUID-coupled device we 
propose will be based on the principle illustrated in this figure. The actual 
design of a prototype device will follow our expected feasibility studies 
during which issues such as signal to noise ratios, spin-lattice relaxation 
times, the ambiance induced effects from electronic circuitry, etc., will be 
investigated in additions to signal levels issues, transducers design, 
transducers-specimen couplings, data acquisition and analysis automation, 
among others. More specifically, among the issues the feasibility 

16 



- Figure 2. Schematic of a SDUID-acoustomagnetic spectrometer. 

studies will address are, how signal intensities in terms of NAR-induced 
changes ultrasonic dispersion and attenuation, material magnetization, 
material susceptibility, signal to noise ratios, etcetera, scale relative to 

the operating temperature 
the object size and geometry 
the specimen housing box material’s Z-number 
the specimen housing box material’s thickness 
the ordering and variation of layers in the specimen housing box’s 
thickness 
the housing box fill materials around the specimen to mimic 
intentional material camouflage used to elude detection 
transducer sizes and models, and transducer/objects interfacing 
technique (including air gaps). 

The exercise will involve computer simulations and preliminary 
experimental validation of simulation results. It is hoped that the activites 
give us a much needed insight that will enable us to rationally narrow down 
the choices not only for later lab tests, but also for the final detector 



specifications needed in phase 2 of the project. Additionally we would also 
like to do similar tests using composite materials and materials with mixed 
isotopes (as opposed to pure elements). For the fact is that most practical 
situations would require the technique to work for such materials. 
. Most of the work for feasibility study will be performed at Perm State 
University in the Department or Engineering Science and Mechanics. 

sicheme which, if successful, could meet a vital national security need. 
In summary, we want to do quality scientific work for a high risk 

1. 

2. 
3. 
4. 

5. 

6. 
7. 
8. 

9. 
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